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GABA-containing(GABAergic) interneuronscompriseaveryheterogeneousgroupofcells thatarecrucial forcortical function.Differentclasses
of interneurons specialize in targeting specific subcellular domains of excitatory pyramidal cells or other interneurons, which provides cortical
circuits with an enormous capability for information processing. As in other regions of the CNS, cortical interneuron diversity is thought to
emerge from the genetic specification of different groups of progenitor cells within the subpallium.Most cortical interneurons originate from
twomainregions, themedial and thecaudalganglioniceminences (MGEandCGE, respectively). Inaddition, ithasbeenshownthatprogenitors
in the embryonicpreoptic area (POA)alsoproduce a small populationof corticalGABAergic interneurons.Here,we show that the contribution
of the POA to the complement of cortical GABAergic interneurons is larger than previously believed. Using genetic fate mapping and in utero
transplantation experiments, we demonstrate thatDbx1-expressing progenitor cells in the POAgive rise to a small but highly diverse cohort of
cortical interneurons, with some neurochemical and electrophysiological characteristics that were previously attributed to MGE- or CGE-
derived interneurons. There are, however, some features that seem to distinguish POA-derived interneurons fromMGE- or CGE-derived cells,
suchas theirpreferential laminar location.Theseresults indicate that themechanismscontrollingthespecificationofdifferentclassesofcortical
interneuronsmight bemore complex than previously expected. Together with earlier findings, our results also suggest that the POA generates
nearly 10%of theGABAergic interneurons in the cerebral cortex of themouse.
Introduction
Cortical GABAergic interneurons constitute one of the most di-
verse groups of cells in the CNS (Markram et al., 2004). The
variety of cortical interneurons is so large, and their defining
features so diverse, that it is difficult to reach a clear consensus
about their classification (Ascoli et al., 2008). Despite this
complexity, increasing evidence suggests that cortical in-
terneurons exist as distinct neuronal populations, which can
be defined on the basis of their morphological, electrophysio-
logical, and neurochemical characteristics (Freund and Buz-
sa´ki, 1996; DeFelipe, 1997; Kawaguchi and Kondo, 2002;
Somogyi and Klausberger, 2005; Klausberger and Somogyi,
2008). The different classes of GABAergic interneurons spe-
cialize in targeting different subcellular domains of pyramidal
cells or other interneurons, thereby modulating, in various
manners, the activity of the different elements of cortical cir-
cuits (Klausberger and Somogyi, 2008).
The analysis of the developmentalmechanisms underlying the
generation of cortical interneuron diversity is perhaps one of the
factors that has contributed extensively to the idea that cortical
interneurons exist as distinct cell types. Based on extensive work
in the spinal cord and hindbrain, it is now widely accepted that
distinct cell types in the adult CNS derive from discrete popula-
tions of progenitor cells that express a unique code of transcrip-
tion factors (Jessell, 2000; Lee and Pfaff, 2001; Dessaud et al.,
2008). Accordingly, the specification of each class of interneurons
is initially defined in progenitor cells by these transcriptional
regulators, which impose the expression of a particular set of
effector proteins (e.g., ion channels, calcium-binding proteins,
etc). In other words, the laminar allocation or the intrinsic elec-
trophysiological properties of a particular class of interneurons
are likely to be determined at the time of neurogenesis or soon
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thereafter (Wonders and Anderson, 2006; Gelman and Marín,
2010).
In rodents, cortical GABAergic interneurons are born in sev-
eral progenitor domains located in the subpallium and subse-
quentlymigrate toward the cortex, where they integrate into their
final position (Anderson et al., 1997; Lavdas et al., 1999; Sussel et
al., 1999; Wichterle et al., 1999; Corbin et al., 2001; Marín and
Rubenstein, 2001; Nery et al., 2002). The medial ganglionic em-
inence (MGE) gives rise to several classes of interneurons that can
be grouped into two broad categories: fast-spiking (FS) interneu-
rons that express the calcium-binding protein parvalbumin (PV)
and non-fast-spiking interneurons that contain the neuropeptide
somatostatin (SST) (Xu et al., 2004; Butt et al., 2005; Fogarty et
al., 2007; Miyoshi et al., 2007, 2010; Rubin et al., 2010). The
caudal ganglionic eminence (CGE) also produces different
classes of interneurons that belong to two large groups: bipolar
interneurons that express vasoactive intestinal peptide (VIP)
and/or the calcium-binding protein calretinin (CR), and multi-
polar interneurons that contain neuropeptide Y (NPY) or Reelin
(Lo´pez-Bendito et al., 2004; Xu et al., 2004; Butt et al., 2005; Lee et
al., 2010; Miyoshi et al., 2010; Vucurovic et al., 2010).
Collectively, theMGE and the CGE are the origin of90% of
theGABAergic interneurons in the cerebral cortex (Wonders and
Anderson, 2006; Batista-Brito and Fishell, 2009; Rubin et al.,
2010). Thus, one question that remains unsolved is the source of
the remaining10%of cortical interneurons that do not seem to
derive from progenitor cells in the MGE and CGE. We have re-
cently shown that the embryonic preoptic area (POA) is the
source of a small population of cortical GABAergic interneurons
(Gelman et al., 2009). Here, we have used genetic fate mapping
and in utero transplantation experiments to trace the progeny of
an additional distinct group of POA progenitor cells that are
characterized by the expression of the transcription factor Dbx1.
Our results demonstrate that this second pool of POA progenitor
cells produces a small but highly diverse population of interneu-
rons that primarily populate deep layers of the cortex. Altogether,
these results indicate that the POA is the origin of nearly a tenth of
the total population of cortical GABAergic interneurons.
Materials andMethods
Mouse lines. CD1 wild-type embryos were used for expression analyses
and in utero transplantation experiments. Dbx1Cre (Bielle et al., 2005),
Dbx1nlsLacZ (Pierani et al., 2001), and ROSA26YFP (Srinivas et al., 2001)
transgenic mice were generated and genotyped as previously described.
For most experiments, Dbx1Cre;ROSA26YFP/ mice were crossed with
ROSA26YFP/YFPP mice to generate Dbx1Cre;ROSA26YFP/ or Dbx1Cre;
ROSA26YFP/YFP animals at the appropriate stage. The day of vaginal plug
was considered as embryonic day (E) 0.5. Animals were kept at the Insti-
tuto de Neurociencias de Alicante according to Spanish and European
Union regulations.
In situ hybridization and immunohistochemistry. For in situ hybridiza-
tion, embryonic brains were fixed overnight in 4% paraformaldehyde
(PFA) and embedded in Tissue-Tek OCT compound (Sakura Finetek
Europe). Frozen sections (20 m) were hybridized with digoxigenin-
labeled probes as described previously (Flames et al., 2007). For immu-
nohistochemistry, embryonic brains were fixed in 4%PFA at 4°C for 2–6
h. Brains were then embedded and cut frozen into 20 m sections in the
cryostat or sectioned in the vibratome at 60 m. Postnatal mice were
anesthetized with an overdose of sodium pentobarbital and transcardi-
ally perfused with 4% PFA. Postnatal brains were removed, fixed for 1–3
h at 4°C, and cryoprotected in 30% sucrose in PBS. Brains were then cut
frozen on a slidingmicrotome at 40m. The following primary antibod-
ies were used: rat anti-BrdU (1:100; Accurate), rabbit anti-calbindin (1:
3000; Swant), rabbit anti-CR (1:3000; Swant), rabbit anti-GABA (1:1000;
Sigma), chicken anti-GFP (1:3000; Aves Labs), rabbit anti-Lhx6 (1:1000;
kindly provided by V. Pachnis, National Institute for Medical Research,
Mill Hill, UK), rabbit anti-NOS (1:1000; Immunostar), rabbit anti-NPY
(1:1000; Millipore Bioscience Research Reagents), rabbit anti-PV (1:
5000; Swant), rat anti-SST (1:200; Millipore Bioscience Research Re-
agents), and rabbit anti-VIP (1:1000; Immunostar). The following
secondary antibodies were used: goat anti-chicken 488, donkey anti-
rabbit 555 (both from Invitrogen), and donkey anti-rat Cy3 (Jackson
Laboratories). DAPI (Sigma) was used for fluorescent nuclear counter-
staining. Dbx1-derived cells were mapped using a microscope equipped
with Neurolucida software.
Transplantation experiments. In utero ultrasound-guided transplanta-
tion of POA-derived cells was performed as previously described (Pla et
al., 2006) using E12.5 Dbx1Cre;ROSA26YFP mouse embryos as donors.
POA cells were dissected out from acute coronal slices through the
telencephalon. Donor pregnant females were injected with BrdU 12 h
before cesarean, and transplanted mice were analyzed at postnatal day
(P) 14.
Slice preparation and recordings. P17–23 Dbx1Cre;ROSA26YFP mice
were deeply anesthetized with isoflurane and decapitated. Brains were
rapidly removed and placed in ice-cold oxygenated sucrose slicing solu-
tion containing the following (in mM): 248 sucrose, 3 KCl, 0.5 CaCl2, 4
MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10 glucose, saturated with 95%
O2 and 5% CO2. Coronal slices (300 m) were cut through the somato-
sensory cortex using a vibratome (Leica). The slices were then submerged
in a warmed (32°C) incubation chamber with artificial CSF (aCSF) con-
taining the following (in mM): 124 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 1.25
NaH2PO4, 26 NaHCO3 and 10 glucose saturated with 95% O2 and 5%
CO2, for at least 30 min before recording, after which they were main-
tained at room temperature.
For patch-clamp recordings in whole-cell configuration, slices were
transferred to the recording chamber of an upright Leica DMLFSA mi-
croscope coupled to a confocal spectral scanning head (Leica TCS SL)
and viewed through a 20 water-immersion objective. Slices were con-
tinuously superfused with aCSF at 32°C. Patch microelectrodes (5–10
M) were pulled from borosilicate glass capillaries (1.5 mm outer diam-
eter, 0.86 inner diameter; Harvard Apparatus) using a vertical P10 puller
(Narishige) and filled with a potassium gluconate-based intracellular
solution containing the following (in mM): 140 K-gluconate, 10 HEPES,
2 NaCl, 4 KCl, 4 Mg-ATP, 0.4 Na-GTP, and 0.6 Alexa 555. Biocytin (2
mg/ml) was added for postrecording immunocytochemistry. For target-
ing POA-derived interneurons, yellow fluorescent protein (YFP)-
expressing cells were excited at 488 nm. To visualize targeted cells in
greater detail, a 543 nm laser beam was used to excite Alexa 555 dialyzed
inside the recorded cells through the patch pipette. Interneurons were
recorded in current-clamp configurationwith anAxoclamp 200A ampli-
fier (Molecular Devices) operating in a fast mode. Data were filtered
on-line at 2 kHz and acquired at a 20 kHz sampling rate using pClamp
6.0.2 software (Molecular Devices). We estimated that approximately
one-third of the YFP-expressing cells found in the cortex were glial cells.
They were identified by their hyperpolarized resting membrane potential,
low membrane resistance, and inability to fire action potentials (n  20).
Fluorescence was usually more intense in glial cells than in interneurons.
Data from these cells were not included in the subsequent analysis.
The following parameters were rapidly measured after patching YFP-
expressing interneurons or calculated from the average of three different
measures for each cell (Gelman et al., 2009): restingmembrane potential,
membrane resistance, membrane conductance, spike threshold poten-
tial, action potential amplitude, duration of the action potential at its half
amplitude, afterhyperpolarization (AHP) amplitude, maximum firing
frequency [MFF; average frequency (Hz) elicited by a 500 ms current
injection], early firing frequency (first or second interspike interval),
steady-state firing frequency (average of the last five interspike intervals),
percentage of spike frequency adaptation (percentage of reduction be-
tween the first interspike frequency and the steady-state frequency), and
delay to spike (measured from the beginning of the 500 ms step until the
first spike at near threshold potential). Data analysis was performed off-
line with Clampfit 10.2. Cells with significant rundown were discarded.
For the interneuron classification, we used the nomenclature proposed
by the Petilla group (Ascoli et al., 2008) and Fishell and colleagues (Mi-
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yoshi et al., 2007, 2010; Lee et al., 2010). We
considered a cell with a percentage of spike fre-
quency adaptation25% as adapting and con-
sidered a cell delayed when duration between
the beginning of the 500 ms step and the first
spike at near threshold potential was125ms.
Themorphological reconstruction of recorded
interneurons was performed using a micro-
scope equipped with Neurolucida software.
Quantification. For the birth dating of corti-
cal YFP-expressing cells, YFP/BrdU double-
labeled cells were counted from three animals
at P0. These experiments were performed with
two different reporter lines, with similar re-
sults. To examine some electrophysiological
differences across populations, data were sta-
tistically analyzed using Student’s t tests. For
the quantification of colocalization patterns,
double-labeled cells were counted from four
different sections throughout the rostrocaudal
extent of the somatosensory cortex and from
three different sections throughout the stria-
tum. In all cases, data are expressed as mean
SEM.
Results
A population of cortical GABAergic
interneurons derives from
Dbx1-expressing progenitors
The transcription factor Dbx1 is ex-
pressed in restricted domains of the de-
veloping telencephalon, including the
septum, the ventral pallium (VP), and the
POA (Yun et al., 2001;Medina et al., 2004;
Bielle et al., 2005; Flames et al., 2007).
These progenitor cells give rise to neuro-
nal populations that remain within the
corresponding radial domains (Medina et
al., 2004; Hirata et al., 2009), but also to
tangentially migrating neurons that dis-
perse through the telencephalon. For ex-
ample, Dbx1-expressing cells located in
the septum and the VP give rise to two
different populations of Cajal–Retzius
cells that populate the surface of the cor-
tex (Bielle et al., 2005). The VP also seems
to give rise to a transient population of
glutamatergic cells that migrate tangen-
tially to the neocortex (Teissier et al., 2010,
2011). In addition, it has been shown that
the Dbx1-expressing progenitor cells lo-
cated in the POA give rise to a unique pop-
ulation of GABAergic interneurons that populate the amygdala
(Hirata et al., 2009).
A small population of Dbx1-derived cortical GABAergic in-
terneurons has also been recently identified (Teissier et al., 2010),
but the origin and properties of these cells remain uncharacter-
ized. To study this population of neurons, we crossed Dbx1Cre
mice with the reporter strain ROSA26YFP (Srinivas et al., 2001)
and analyzed the distribution of YFP-expressing cells in P30
mice. We found scattered YFP-expressing cells distributed
throughout the neocortex and hippocampus of Dbx1Cre;
ROSA26YFP mice (Fig. 1A). Although some of these cells had the
typical morphology of glial cells (data not shown), many other
YFP-expressing cells displayed characteristic neuronal morphol-
ogies (Fig. 1A’). This later population of cells was particularly
abundant in layers V andVI of the neocortex, although some cells
with neuronal morphologies were also found in superficial layers
(Fig. 1A). YFP-expressing cells were also found throughout the
amygdala, striatum, and globus pallidus (data not shown). We
performed double immunohistochemistry against YFP and
GABA and found that most YFP-expressing cells in the cerebral
cortex of P30 Dbx1Cre;ROSA26YFP mice were indeed GABAergic
neurons (67.4 3.2%, n 3; Fig. 1B–C”). Conversely, we found
that YFP-expressing cells represent nearly 4%of the total amount
of GABAergic neurons in the neocortex (3.87  0.3%, n  4).
Analysis of the laminar distribution of Dbx1-derived interneu-
rons confirmed that the large majority of these cells occupy deep
Figure 1. YFP expression in the adult telencephalon of Dbx1Cre;ROSA26YFP mice. A, A’, Image of a coronal section through the
somatosensory cortex of P30Dbx1Cre;ROSA26YFPmice inwhich the overall laminar distribution of YFP-expressing cells is visualized.
Note that YFP-expressing cells are most abundant in deep layers. The terminal fields of thalamic axons are also labeled with YFP
(asterisks). A’, High-magnification image of one of the cells shown in A. Most YFP-expressing cells in the cortex of P30 Dbx1Cre/;
Rosa26R-YFP mice have the morphological features of cortical interneurons. B, Schemas depicting the distribution of YFP-
expressing cells containing GABA (red dots) in the neocortex and hippocampus of P30 Dbx1Cre;ROSA26YFP mice at different
rostrocaudal levels. C–C”, Immunohistochemistry against YFP (C, C”) and GABA (C’, C”) in the neocortex of P30 Dbx1Cre;ROSA26YFP
mice. Arrowheads indicate YFP/GABA double-labeled cells. D, Quantification of the laminar distribution of YFP/GABA double-
labeled cells in the cortex ofDbx1Cre;ROSA26YFPmice. Layer I: 3.6 0.7%; Layers II/III: 4.3 0.4%; Layer IV: 5.2 1.1%; Layer V:
33.0 1.6%; Layer VI: 53.9 1.8%; n 3. E, Birth date of GABAergic Dbx1-derived neurons. E10.5: 19.69 4.64%; E11.5:
35.42 1.39%; E12.5: 25.0 1.60%; E14.5: 11.26 4.12%;n 3. I-VI, Cortical layers I to VI. Scale bars:A, 250m;A’, 25m;
C–C”, 100m.
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layers of the neocortex (90% in layers V and VI; Fig. 1D).
Finally, we analyzed the birth date of Dbx1-derived cortical in-
terneurons using BrdUanalysis.We found that this population of
interneurons is born at relatively early stages of neurogenesis
within the subpallium, with nearly 80% of them being generated
by E12.5 (Fig. 1E). In summary, these experiments revealed that
the mouse cerebral cortex contains a population of early-born
GABAergic interneurons that primarily populate deep layers of
the neocortex and derive fromDbx1-expressing progenitor cells.
The embryonic POA is the origin of Dbx1-derived cortical
interneurons
Previous studies have shown that the pallial Dbx1-expressing do-
mains (septum and VP) generate glutamatergic neurons, and
therefore are unlikely to produceGABAergic interneurons (Bielle
et al., 2005; Wonders and Anderson, 2006; Griveau et al., 2010;
Teissier et al., 2010). Moreover, recent experimental evidence
indicates that the subpallial septum is not a source of cortical
GABAergic interneurons (Rubin et al., 2010). In contrast, the
POA has been previously shown to give rise to small populations
of cortical and amygdalar GABAergic interneurons (Gelman et
al., 2009; Hirata et al., 2009), which prompted us to analyze this
region in more detail. Virtually all progenitor cells in the POA
contain the transcription factor Nkx2-1 (Flames et al., 2007), and
many of these cells also express Shh (Fig. 2A,E). We previously
subdivided the embryonic POA into two distinct progenitor do-
mains, pPOA1 and pPOA2, based on the expression of several
transcription factors (Flames et al., 2007). We observed that
pPOA2 contains at least two largely non-overlapping popula-
tions of progenitors that express Dbx1 or Nkx6-2, while only
scattered cells expressing these transcription factors are present
in pPOA1 (Fig. 2B,C,F,G). Interestingly, the population of cells
that was previously described to give rise to cortical interneurons
in this region, characterized by the expression of Nkx5-1, seems
to derive primarily from pPOA1 (Fig. 2D,H). This observation
led us to hypothesize that the embryonic POA may give rise to
several distinct population of interneurons, including one that
derives from the pPOA1 and transiently expresses Nkx5-1
(Gelman et al., 2009), and another that presumably emerges from
Dbx1-expressing progenitor cells in pPOA2.
We took advantage of a mouse strain that carries an insertion
of LacZ [containing a signal peptide that targets -galactosidase
(Gal) in the nucleus] in the Dbx1 gene to perform short-term
lineage tracing experiments of cells derived from Dbx1-
expressing progenitors (Pierani et al., 2001). Analysis of the initial
migratory trajectory of these cells revealed that many of them
move toward the pallium as they leave the POA (Fig. 3A–C).
Consistent with the theory that cortical interneurons derived
from Nkx2-1-expressing territories downregulate the expression
of this transcription factor soon after they start migrating toward
the cortex (No´brega-Pereira et al., 2008), we found that many
Gal-expressing cells that seem tomigrate away from the POAdo
not contain Nkx2-1 (Fig. 3C,D), while Gal-expressing cells that
remain within the POA coexpress Nkx2-1. In addition, Gal-
expressing cells in the POAwere typically found to be negative for
Nkx6-2 (Fig. 3C,D), although a few double-labeled cells were
observed at caudal levels of the POA (data not shown).
Permanent tracing of Dbx1-derived cells in Dbx1Cre;
ROSA26YFP embryos confirmed that many of these cells seem to
disperse from the POA toward the cortex between E11.5 and
E15.5. In some rare cases, a few clones of YFP-expressing cells
were also observed in the MGE, but the large majority of YFP-
expressing cells were found to derive from the POA. Analysis of
sagittal and horizontal sections through the telencephalon of
E13.5 and E15.5 Dbx1Cre;ROSA26YFP embryos revealed several
migratory streams that seem to link the embryonic POA with
Figure 2. Molecular characterization of progenitor cells in the embryonic POA. A–H, Coronal sections through two different levels of the caudal telencephalon at E11.5 showing the expression
of Shh (A, E), Dbx1 (B, F ), Nkx6-2 (C, G), and Nkx5-1 (D,H ) mRNA. In situ images (A, B) were pseudo-colored using Photoshop software. A–D and E–H are from the same brain and are adjacent to
each other. pSPV, Supraoptic paraventricular progenitor domain. Scale bar, 100m.
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cortical territories. In coronal sections, a prominent strain of
YFP-expressing cells was found in the pallial subventricular zone
(Fig. 4A), one of themain routes followed bymigrating interneu-
rons (Lavdas et al., 1999; Marín and Rubenstein, 2001). Some
YFP-expressing cells were also found in the marginal zone (MZ)
(Fig. 4A). Immunohistochemical analyses demonstrated that
many of the YFP-expressing cells found in the embryonic cortex
contained GABA and calbindin, a marker of immature interneu-
rons (Fig. 4A’–B’, and data not shown). Of note, the number of
YFP-expressing cells invading the embryonic cortex declined sig-
nificantly around E15.5 (Fig. 4D–E’), consistent with the early
origin of this population of neurons (Fig. 1E). In addition, we
observed thatmanyYFP-expressing cells in theMZ containedCR
(Fig. 4C), a finding that is in agreement with the notion that a
population of Cajal–Retzius cells derive from Dbx1-expressing
progenitors (Bielle et al., 2005).
We performed transplantation experiments to unequivocally
demonstrate that Dbx1-derived cortical interneurons emerge
from the embryonic POA. To this end, we prepared acute coronal
slices through the telencephalon of E12.5 Dbx1Cre;ROSA26YFP
embryos and isolated cells from the POA (Fig. 5A).We then used
ultrasound imaging to transplant these cells into the POAofwild-
type host embryos of the same age. Brains of transplanted em-
bryos were analyzed at P14 for the distribution of YFP-expressing
cells.We found YFP-expressing cells in the cortex of all host mice
(n  3; Fig. 5B), which demonstrated that Dbx1-derived cells
born in the POA migrate to the cortex. In addition, we observed
that nearly 70% of the YFP-expressing cells also contain GABA
(68.35  3.65%, n  100 cells from three different brains; Fig.
5C,C’). Altogether, these experiments demonstrate that the em-
bryonic POA is the origin of the population of Dbx1-derived
interneurons found in the cerebral cortex.
Different classes of cortical interneurons derive from
Dbx1-expressing progenitors
To characterize the population of GABAergic interneurons that
derives from Dbx1-expressing progenitor cells in the POA, we
first investigated theirmolecular properties using differentmark-
ers of the main classes of cortical interneurons. Although the
neurochemical content does not represent an unequivocal crite-
rion to classify cortical interneurons, previous studies in the
mouse have shown that the expression of PV, SST, and VIP iden-
tify largely different populations of cortical interneurons (Kubota
and Kawaguchi, 1994). A recent study has also shown that in-
Figure 3. Molecular characterization of Dbx1-derived cells in the embryonic POA.A,B,D,D’, Coronal sections through the telencephalon of E11.5 Dbx1nlsLacZ/ embryos showing the expression
ofDbx1- (A),Gal- (B,D,D’), Tbr1- (A), Nkx6-2- (B,D’), andNkx2-1- (D) expressing cells. The asterisk (A) indicates the locationofDbx1-expressingprogenitor cells; the arrow inBdenotes the extent
of themigration of the cells derived from Dbx1-expressing progenitors at this stage.D andD’ are high-magnification images of the boxed area in C. Filled arrowheads point to double-labeled cells;
open arrowheads point to single-labeled cells. C, Schematic drawing of a hemisection through the telencephalon of an E11.5 mouse embryo showing the distribution of molecularly distinct
populations of POA cells. Scale bars, 100m.
16574 • J. Neurosci., November 16, 2011 • 31(46):16570–16580 Gelman et al. • POA-Derived Cortical Interneurons
terneurons that contain the glycoprotein Reelin and lack SST
belong to another non-overlapping population (Miyoshi et al.,
2010). In P30Dbx1Cre;ROSA26YFPmice, nearly 50% of the POA-
derived YFP-expressing cortical interneurons found in the so-
matosensory cortex stained with antibodies against PV (48.81
6.7%, n 547 cells from three different animals; Fig. 6A,C,G,I).
YFP-expressing interneurons containing SST or Reelin were also
relatively abundant, respectively accounting for 25% and
15% of the Dbx1-derived interneurons found in the somato-
sensory cortex (SST: 21.9 6.3%; Reelin: 14.8 3.7%, n 445
and 921 cells, respectively, from three different animals; Fig.
6B,C,E,G,I). In contrast, a very small percentage of neurons
were found to express CR, NOS, or VIP (CR: 3.3 0.3%; NOS:
2.3  0.8%; VIP: 3.9  2.0%, n  445, 302, and 672 cells,
respectively, from three different animals; Fig. 6F–I ), and
none expressed NPY (n  402 cells from three different ani-
mals; Fig. 6 I, J ).
Since many of the interneurons that derive from Dbx1-
expressing progenitors share features with interneurons derived
from the MGE, and all these cells are thought to coexpress the
transcription factor Lhx6 (Liodis et al., 2007), we analyzed the
expression of this transcription in Dbx1-derived cortical in-
terneurons.We found that two-thirds of the YFP-expressing cor-
tical interneurons do not express Lhx6 (35.8  5.9%, n  189
cells from three different animals; Fig. 6K). This finding rein-
forced the notion that Dbx1-derived interneurons are molecu-
larly distinct from those derived from the MGE.
Analysis of the intrinsic physiological
properties of
Dbx1-derived cortical interneurons
To strengthen our conclusion that Dbx1-
expressing progenitor cells generate
several distinct classes of cortical in-
terneurons, we recorded the intrinsic
properties of a total of 35 YFP-expressing
interneurons in the somatosensory cortex
of P17–P22 Dbx1Cre;ROSA26YFP mice.
Consistent with our molecular profiling,
we classified Dbx1-derived cortical in-
terneurons into several distinct subtypes
based on their electrophysiological pro-
file: FS, intrinsic and adapting bursting
(IB and bAD, respectively), late-spiking
(LS), and irregular-spiking (IS) cells.
The most abundant population of
Dbx1-derived cortical interneurons be-
longs to the fast-spiking class (51.4%, n
18 of 35 cells). FS cells were characterized
by a high MFF (mean: 151  13 Hz; n 
18) with brief action potentials and deep
AHP (Table 1), and little or no spike fre-
quency adaptation during suprathreshold
depolarizing current steps (mean percent-
age of adaptation: 10.2  5.7%, n  18
cells; Fig. 7, Table 1). This population of
cells corresponds to amorphologically di-
verse group of basket cells (Fig. 6D),
which could be further segregated into
two major populations based on the spik-
ing at suprathreshold potentials: stutter-
ing FS interneurons (sFS; 28.6%, n  10
out 35 cells), which displayed a high-
frequency firing pattern with random in-
tervals of silence at suprathreshold potentials (Fig. 7, Table 1),
and continuous FS cells (cFS; 22.9%, n 8 of 35 cells), which had
a steady and nonadapting firing pattern (Fig. 7, Table 1). It is
worth mentioning that approximately a third of the FS cells (3 of
10 sFS cells and 3 of 8 cFS cells) also displayed a delay to the initial
spike at near-threshold potentials (296.5  48.6 ms compared
with 25.1 10.2ms for the nondelayed FS cells; p 0.002, t test).
The second main population of Dbx1-derived cortical in-
terneurons corresponds to non-fast-spiking, bAD/IB cells. This
heterogeneous population of cells represented a quarter of all
recorded cells (25.7%, n 9 of 35 cells). IB cells (14.3%, n 5 of
35 cells) were characterized by a burst of two or more action
potentials when depolarizing from the resting membrane poten-
tial (Fig. 7). They also displayed a wide range of spike frequency
adaptation at suprathreshold potentials (3–47%; Table 1). Of
note, the IB cells recorded in our study did not exhibit any rebound
bursting during depolarization from resting membrane potential
(Fig. 7). bADcells (11.4%,n4of35cells)were found to fire a small
burst of two spikes above threshold (Fig. 7). They also showed a
strong level of adaptation at suprathreshold potentials, with a rela-
tively wide range of spike frequency (43–86%; Table 1).
We also identified a small group of Dbx1-derived cells that
belong to the LS subtype of cortical interneurons (8.6%, n 3 of
35). They displayed a delay to the initial spike at near-threshold
current injections (263.6  116.9 ms) that was eliminated at
suprathreshold potentials (Fig. 7). They also exhibit a pro-
nounced firing frequency adaptation (Table 1). Finally, the last
Figure 4. YFP expression in the developing telencephalon of Dbx1Cre;ROSA26YFP embryos. A–E’, Coronal sections through the
telencephalon of E13.5 (A–B’) and E15.5 (C–E’) Dbx1Cre;ROSA26YFP embryos showing the expression of YFP (A–E), calbindin (CB;
A’, B’, D, E’), and CR (C). B, B’ and E, E’, High-magnification images of the boxed areas in A’ and D, respectively. CP, cortical plate;
SVZ, subventricular zone; VZ, ventricular zone. Filled arrowheads point to double-labeled cells, open arrowheads point to calbin-
din/YFP cells; arrows point to calbindin/YFP cells. R26R, ROSA26YFP. Scale bars: A, A’, C,D (in A), 100m;B,B’, E, E’ (in
B’), 25m.
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group of interneuronswe identified in our
analysis (8.6%, n  3 of 35) showed IS
firing during intermediate current steps
and spike amplitude accommodation
during suprathreshold current steps (Fig.
7, Table 1).
In addition to the major subtypes de-
scribed above, we recorded two cells with
adapting profiles, a continuous adapting
cell (2.9%, n 1 of 35) and a fast adapting
(fAD) cell (2.9%, n  1 of 35). The re-
corded fAD cell failed to fire throughout
the 500ms step during suprathreshold de-
polarization (data not shown).
In summary, our electrophysiological
analysis reinforced the idea that the small
progenitor domain of the embryonic POA
characterized by the expression of Dbx1 is
the origin of many distinct classes of cor-
tical interneurons.
Discussion
The generation of neuronal diversity in
the CNS seems intimately linked to the
specification of progenitor cells at distinct
locations within the neural tube. In the
spinal cord, for example, the position of
progenitor cells along the rostrocaudal
and dorsoventral axes is thought to influ-
ence their fate by delimiting the concen-
tration of inductive signals to which they
are exposed (Jessell, 2000). In this model,
transcription factors act as mediators of
the inductive signals by translating graded
responses into specific neural fates (Bris-
coe et al., 2000). In the telencephalon, a
similar model has been adopted to explain the generation of cor-
tical interneuron diversity. Accordingly, distinct classes of corti-
cal interneurons have been shown to emerge from three of the
main subdivisions of the subpallium: theMGE, the CGE, and the
POA (Wonders and Anderson, 2006; Batista-Brito and Fishell,
2009; Gelman and Marín, 2010); each of these regions contains
several pools of progenitor cells characterized by the expression
of specific combinations of transcription factors (Flames et al.,
2007). In this study, we report the existence of a previously un-
identified pool of progenitor cells in the embryonic POA that give
rise to a small fraction of cortical GABAergic interneurons. Intrigu-
ingly, this small population of progenitor cells seems to give rise to a
large variety of cortical interneuron subtypes, which suggests that
the mechanisms controlling the specification of GABAergic in-
terneurons might be even more complex than previously
anticipated.
The POA is the third source of cortical
GABAergic interneurons
A large body of experimental evidence based on in vitro and in
vivo experimental embryology, mouse genetics, and fate map-
ping studies suggests that90% of cortical GABAergic interneu-
rons are generated—at least in the mouse—from two relatively
large regions of the subpallium, theMGE and the CGE (Lavdas et
al., 1999; Sussel et al., 1999; Wichterle et al., 2001; Nery et al.,
2002; Xu et al., 2004; Butt et al., 2005; Fogarty et al., 2007;Miyoshi
et al., 2010; Rubin et al., 2010). These studies have revealed that
the MGE is the origin of most interneurons that express PV or
SST, which together account for 60% of cortical interneurons
in rodents (Wonders and Anderson, 2006; Batista-Brito and
Fishell, 2009; Gelman andMarín, 2010). They belong tomultiple
distinct classes of interneurons with different molecular, mor-
phological, and electrophysiological properties, including Chan-
delier cells, different classes of basket cells, and Martinotti cells,
among others. The CGE, in contrast, is the origin of 30% of
cortical interneurons. CGE-derived interneurons in rodents are
characterized by the expression of the serotonin receptor 3A
(5HTR3A) (Lee et al., 2010; Vucurovic et al., 2010), but they also
comprise several distinct subtypes, including bipolar/bitufted
VIP (and sometimesCR) neurons, aswell asmany neuroglia-
form cells and multipolar interneurons that frequently express
NPY and/or Reelin (Lo´pez-Bendito et al., 2004; Butt et al., 2005;
Miyoshi et al., 2010).
Where do the remaining cortical interneurons come from?
Using in utero electroporation and genetic fate mapping in the
mouse, we previously showed that the embryonic POA gives rise
to a small but distinct population of GABAergic cells that fre-
quently express NPY or Reelin, and that account for4% of the
cortical interneurons (Gelman et al., 2009). These cells transito-
rily express the transcription factor Nkx5-1 and seem to emerge
from themost dorsal aspect of the POA, a domain that we termed
pPOA1 (Flames et al., 2007). In this study, we used a genetic fate
mapping approach to trace the progeny of Dbx1-expressing pro-
genitor cells located in pPOA2, a region immediately adjacent to
Figure 5. Dbx1-derived cortical interneurons originate in the POA. A, Schematic diagram of the experimental design. Coronal
slices were prepared from the telencephalon of E12.5 Dbx1Cre;ROSA26YFP donor embryos and progenitor cells were isolated from a
small cube of tissue from the POA. In parallel, theMGEwas dissected fromBrdU-injectedwild-type embryos and dissociated (these
cells served as a control of the transplantation). Pooled donor cells were then injected into the POA of E12.5 host embryos. Host
embryos were analyzed at P14. B, Coronal section through the somatosensory cortex of a transplanted P14 mouse showing one
Dbx1-derived cell (green) after nuclear staining (DAPI) and immunohistochemistry against YFP. C, C’, High-magnification images
of the boxed area in B. Filled arrowheads point to a neuron expressing YFP and GABA; open arrowheads point to a GABA cell that
does not derive from the Dbx1 lineage. Scale bars: B, 20m; C, C’ (in C), 50m.
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pPOA1.We found that this domain gives rise to yet another small
population of cortical GABAergic interneurons (4%) withmo-
lecular and electrophysiological features that are largely different
from those observed in Nkx5-1-derived interneurons. It is worth
noting that genetic fate mapping studies rely on the reliability of
the expression of a single gene in a population of cells that are
confined to a particular domain of the embryonic brain. In this
particular case, expression of Dbx1 is not exclusively restricted to
the POA, which is a possible confounding factor for tracing the
progeny of these cells. However, several lines of evidence indicate
that our interpretation of the fate mapping analysis of Dbx1-
derived interneurons is correct. First, we have previously shown
with in utero electroporation that the POA gives rise to cortical
GABAergic interneurons (Gelman et al., 2009). Second, our in
utero transplantation experiments demonstrate that Dbx1-
expressing progenitor cells in the POA generate GABAergic in-
terneurons that populate the cerebral cortex (Fig. 5). Some of
these transplanted neurons were also found to express either PV
Figure 6. Neurochemical profile of cortical interneurons derived from Dbx1-expressing progenitor cells. A, B, E, F, H, I, Immunohistochemistry against YFP (A, B, E, F, H, I ), parvalbumin (A),
somatostatin (B), Reelin (E), calretinin (F ), nitric oxide synthase (G), vasoactive intestinal peptide (H ), neuropeptide Y (J ), and Lhx6 (K ) in the neocortex of P30 Dbx1Cre;ROSA26YFP mice. Filled
arrowheads point to double-labeled cells; open arrowheads indicate YFP-expressing neurons that do not express the correspondingmarker. C, Schemas depicting the distribution of YFP-expressing
interneurons containing PV (orange dots) or SST (red dots) in the neocortex and hippocampus of a P30 Dbx1Cre;ROSA26YFP mouse. D, Morphological varieties of FS cortical interneurons in
Dbx1Cre;ROSA26YFPmice. The images are Neurolucida reconstructions from recorded neurons—a stuttering FS interneuron in layer V and a continuous FS interneuron in layer VI. I, Quantification of
the percentage of colocalization of YFP-expressing cells with different neurochemical markers. Scale bar, 80m.
Table 1. Quantification of the electrophysiological properties of Dbx1-expressing interneurons in the somatosensory cortex
sFS cFS IB bAD LS IS
RMP (mV) 60.6 3.9 68.4 4.2 70.2 0.6 65.5 4.3 74.0 3.2 53.5 8.5
Rm (	) 125.1 22.4 107.2 20.0 142.2 24.9 165.5 32.4 142.7 58.6 222.3 58.4
Cm (pF) 18.1 3.6 21.1 7.1 7.1 0.8 34.6 15.5 6.4 2.5 11.8 4.8
APT (mV) 43.7 5.2 43.1 3.9 52.0 2.6 34.8 5.7 49.8 2.4 34.8 8.4
APA (mV) 51.8 4.0 60.4 5.6 65.9 10.5 87.2 9.3 70.7 2.6 77.7 10.8
APD (ms) 0.49 0.05 0.48 0.07 0.99 0.12 1.07 0.35 1.43 0.12 1.15 0.22
AHP (mV) 16.2 1.3 19.2 1.3 13.9 4.0 10.3 2.0 12.3 1.8 8.8 1.3
MFF (Hz) 147.0 14.5 155.3 25.8 94.6 24.2 26.0 2.4 30.5 4.1 35.0 6.2
Fr1 (Hz) 108–488 69–444 67–526 80–260 54–194 101–214
FrSS (Hz) 129–394 56–370 68–322 32–48 40–59 60–76
Freq. adaption (%) 17.0 8.0 6.5 4.3 25.8 8.8 63.4 8.8 36.8 16.5 54.3 10.4
Cells with Acc. 1 of 10 1 of 8 2 of 5 2 of 4 1 of 3 3 of 3
N 10 8 5 4 3 3
RMP, Restingmembrane potential; Rm , membrane resistance; APT, action potential threshold; APA, action potential amplitude; APD, action potential duration at its half amplitude; AHP, afterhyperpolarization amplitude; Cm , membrane
capacitance; MFF, maximum firing frequency; Fr1 , first spike frequency; Frss , steady-state frequency; Freq. adaptation, spike frequency adaptation; Acc., accommodation. Cells not included are one continuous-adapting and one
fast-adapting.
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or SST (data not shown), although the largemajority only stained
for GABA. This might be due to the fact that many cells that are
fated to become PV-expressing cells have not turned on the ex-
pression of this calcium-binding protein at P14, when we ana-
lyzed these experiments (Soriano et al., 1992). Third, the other
regions containing Dbx1-expressing progenitors do not seem to
produce GABAergic interneurons (Bielle et al., 2005; Rubin et al.,
2010). Finally, it has been recently shown that a small fraction of
PV cortical interneurons derive from Shh-expressing cells in
the subpallium (Flandin et al., 2010). Since Shh-expressing pro-
genitor cells are confined to the caudoventral aspect of the MGE
and the entire POA, these results reinforce the notion that a pop-
ulation of cortical interneurons derives from this later domain. In
summary, our studies collectively suggest that the embryonic
POA is the source of the nearly 10% of cortical interneurons that
do not derive from the MGE or the CGE.
The POA produces multiple classes of cortical
GABAergic interneurons
One of the most interesting findings of this study is that Dbx1-
expressing progenitor cells in the POA generate a great diversity
of cortical GABAergic interneurons, even though they only rep-
resent a small fraction of the GABAergic neurons that populate
the cortex. Indeed, this region of the embryonic POA seems to
contribute to several of the major groups of cortical GABAergic
interneurons: PV FS basket cells, SST bAD and IB cells, Ree-
lin and NOS LSmultipolar and neurogliaform interneurons,
and VIP/CR bipolar/bitufted IS cells. Furthermore, distinct
subtypes can be recognized within some of these groups (e.g.,
delayed and nondelayed FS), which suggest that the diversity of
interneuron classes that emerges from Dbx1-expressing progen-
itor cells is very large. Of note, Dbx1-derived neurons in the
striatum also belong to several populations of interneurons, in-
cluding cholinergic cells (45.9 3.0% of the Dbx1-derived cells
in the striatum, n 97 cells from three different animals) and all
three major classes of GABAergic neurons (43.8  3.9% of the
Dbx1-derived cells in the striatum, n  348 cells from four dif-
ferent animals). Among these cells, Dbx1-derived interneurons
are most abundant within the PV population (representing
17% of the total population of PV striatal interneurons).
Thus, Dbx1-derived progenitors seem to be particularly capable
of generating a large diversity of interneuron subtypes.
It is worth noting that Nkx5-1- and Dbx1-derived interneu-
rons seem to belong to largely different groups, with perhaps only
a minor overlap in the population of interneurons that express
Reelin and have a continuous adapting electrophysiological pro-
file (1 of 35 cells). This indicates thatNkx5-1-derived cells emerge
from progenitor cells in the POA that do not express Dbx1.
Our findings suggest that the embryonic POA contributes to
cortical interneuron populations that have been previously as-
cribed exclusively to theMGE or the CGE. Since POA progenitor
cells are defined by a transcriptional program that is different
from that found in the MGE and CGE, it would be expected that
POA-derived interneurons have unique features that distinguish
them from those generated in the other subpallial regions. For
example, the POA seems to uniquely contribute to the popula-
tion of PV and SST interneurons that colonize deep layers of
the cortex, which therefore contain a mix of MGE- and POA-
derived interneurons. One factor that seems to distinguish the
populations of cells from each other is Lhx6, which is expressed
byMGE-derived interneurons (Lavdas et al., 1999; Fogarty et al.,
2007), but is largely absent from POA-derived interneurons
(Flames et al., 2007; Gelman et al., 2009; this study). Consistent
with this idea, most PV and SST cortical interneurons (the
MGE-derived population) are absent from the cortex of Lhx6
mutants, whereas some scattered PV and SST cells (the POA-
derived population) remain, primarily in deep layers of the cortex
(Liodis et al., 2007; Zhao et al., 2008). As for other classes of
interneurons, it is worth mentioning that 5HTR3A, a serotonin
receptor that has been used to trace CGE-derived cortical in-
Figure 7. Intrinsic electrophysiological profiles of Dbx1-derived cortical interneurons. A, Voltage responses to short depolarizing current injection (500 ms) at near-threshold (top), threshold
(middle), and suprathreshold (bottom) potentials. B, Voltage responses to prolonged step current injection (5 s). Profiles are shown for an sFS interneuron, a cFS interneuron with delayed firing at
near-threshold potentials, an IB interneuron that exhibits a burst of two to six spikes, a bAD interneuron that showed a burst of two spikes and a pronounced adaptation, an LS interneuron, and an
IS interneuron.
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terneurons, is also expressed in the dorsal aspect of the POA
[identified as entopeduncular region by Vucurovic et al. (2010)].
Thus, although most NPY, Reelin and VIP/CR bipolar/
bitufted IS cells derive from the CGE, a small fraction of these (in
particular NPY and Reelin cells) also seem to emerge from
different lineages within the POA (Gelman et al., 2009; this
study).
Transcriptional codes and cortical interneuron diversity
Based on the model proposed for the spinal cord (Jessell, 2000),
we and others have hypothesized that the different classes of cor-
tical interneurons would emerge from relatively small popula-
tions of spatially restricted progenitor cells in the subpallium
(Flames et al., 2007; Fogarty et al., 2007; Wonders et al., 2008;
Batista-Brito and Fishell, 2009). Although it is likely that other
factors such as temporal regulation influence the fate of subpallial
progenitors (Miyoshi et al., 2007), it has been assumed that re-
gional genetic patterning of the MGE, CGE, and POA is a prom-
inent cause of cortical interneuron diversity. Inherent to this idea
is the notion that different classes of interneurons arise from
spatially segregated pools of progenitors, as is the case for the
spinal cord. For example, PV cortical interneurons are primar-
ily generated in the ventral aspect of the MGE, while SST in-
terneurons arise from its dorsal region (Flames et al., 2007;
Wonders et al., 2008). Our findings indicate that this might not
be the case, since some of these large groups of interneurons
appear to derive from different types of progenitors. Obvi-
ously, it remains to be determined to what extent MGE- and
POA-derived interneurons with similar features (e.g., PV FS
basket cells) indeed belong to the same class of interneurons,
because there may be distinguishing features not yet studied
(e.g., afferent connections).
Considering the wide variety of interneurons that emerge
from Dbx1-expressing progenitors, it is conceivable that this
small pool of cells indeed consists of several classes of progeni-
tors, each one of them expressing additional transcription factors
that remain unidentified. Alternatively, our results might indi-
cate that the same progenitor cells give rise to very different
classes of interneurons (e.g., PV- and SST-expressing cells), a
possibility that is consistent with previous transplantation exper-
iments (Flames et al., 2007;Wonders et al., 2008). Clonal analyses
of individual progenitor cells will be needed to elucidate this
important question.
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